Abstract Coastal flooding poses serious threats to coastal areas, and the vulnerability of coastal communities and economic sectors to flooding will increase in the coming decades due to environmental and socioeconomic changes. It is increasingly recognised that estimates of the vulnerability of cities are essential for planning adaptation measures. Jakarta is a case in point, since parts of the city are subjected to regular flooding on a near-monthly basis. In order to assess the current and future coastal flood hazard, we set up a GIS-based flood model of northern Jakarta to simulate inundated area and value of exposed assets. Under current conditions, estimated damage exposure to extreme coastal flood events with return periods of 100 and 1,000 years is high (€4.0 and €5.2 billion, respectively). Under the scenario for 2100, damage exposure associated with these events increases by a factor 4-5, with little difference between low/high sea-level rise scenarios. This increase is mainly due to rapid land subsidence and excludes socioeconomic developments. We also develop a detemporalised inundation scenario for assessing impacts associated with any coastal flood scenario. This allows for the identification of critical points above which large increases in damage exposure can be expected and also for the assessment of adaptation options against hypothetical user-defined levels of change, rather than being bound to a discrete set of a priori scenarios. The study highlights the need for urgent attention to the land subsidence problem; a continuation of the current rate would result in catastrophic increases in damage exposure.
Introduction
Coastal flooding poses serious threats to coastal areas around the world, billions of dollars in damage to property and infrastructure, and threatens the lives of millions of people (Dasgupta et al. 2009; Nicholls 2004; Nicholls et al. 2008) . The vulnerability of coastal communities and economic sectors to coastal flooding is expected to increase in the coming decades to century due to both environmental and socioeconomic changes (IPCC 2007a; Rosenzweig and Solecki 2001) . Firstly, global sea-level rise will lead to an increase in flood hazard in coastal regions (IPCC 2007a) . Secondly, many coastal and deltaic areas suffer from land subsidence due to a combination of glacial-isostatic adjustments (e.g. Peltier 1998 ), natural subsidence in deltaic areas (e.g. Meckel et al. 2007) , and human activities (e.g. Chatterjee et al. 2006; Ericson et al. 2006; Nicholls 1995; Nicholls et al. , 2008 . A third environmental factor is the possible increase in peak wind intensities as a result of climate change (IPCC 2007b) , which may lead to increased storm surge heights in some regions . Finally, the vulnerability of coastal cities will also increase due to socioeconomic trends such as the continued demographic and economic expansion in these areas (Bouwer et al. 2007) .
Given the scale of these problems, it is increasingly recognised that estimates of the vulnerability of cities are essential in the planning of adaptation measures ). The work of Nicholls et al. (2008) made an important contribution to this process, providing a first estimate of the exposure of 136 port cities (with populations above one million) to coastal flooding and examining how this exposure may change under future scenarios of climate change, subsidence, and socioeconomic development. Dasgupta et al. (2009) assessed the consequences of global sea-level rise for 84 coastal developing countries using a spatially disaggregated global database.
A prime example of a region requiring urgent information on flood damage exposure is Indonesia, since its 81,000-km coastline and over 17,500 islands makes it particularly vulnerable to coastal flooding (Marfai and King 2008a) . Marfai and King (2008a) developed a model to simulate the area covered by permanent coastal inundation (i.e. the area that would be permanently inundated as a result of sea-level rise and land subsidence) in the city of Semarang (Central Java, Indonesia) under two scenarios of sea-level rise and used this to estimate the damage exposure under those two scenarios (Marfai and King 2008b) . However, the model was not applied for assessing the extent of temporary inundation as a result of extreme coastal flood events.
In the current paper, we are aiming at: (a) further developing a methodology for the rapid assessment of inundation mapping and damage exposure estimation under future scenarios of extreme coastal flood events; and (b) applying the method to the city of Jakarta to derive preliminary inundation maps and damage exposure estimates. The method is designed for ease of use by non-hydraulic experts, since its main aim is as a rapid decision support tool for decision-makers in Jakarta. Jakarta provides a relevant case study since the coastal defences in the north of the city already face extreme threats from coastal inundation (Deltares 2008) .
Study area
Jakarta, the capital and largest city of Indonesia, is located in the northern coast of West Java (Fig. 1) . The Special Capital Region of Jakarta (DKI Jakarta; Daerah Khusus Ibukota) covers an area of ca. 662 km 2 , and over the last half century, the city's population rose rapidly from 2.7 million in 1960 to 9 million in 2007 (BPS Jakarta 2007). These population pressures and economic developments have caused extensive land use change in the whole of Java (Verburg et al. 1999) , and in Jakarta in particular (Firman 2009 ). During the past three decades, fringe areas have experienced extensive land conversion from prime agricultural land to new urban and industrial areas (Firman 2000; Verburg et al. 1999) . Meanwhile, in the urban centre, many former residential areas have been converted into offices and business spaces, whilst open green space in Jakarta has greatly decreased from 28.8% of total area in 1984 to an estimated 6.2% in 2007 (Firman 2009 ). In terms of physical geography, Jakarta is a lowland area with a relatively flat topography, with slopes ranging from 0 to 2°in the northern and central parts and 0-5°in the southern part (Abidin et al. 2001 ). The area is subsiding, which already causes major problems such as the cracking of permanent constructions; the wider expansion of floodprone areas; and the lowering of groundwater levels (Abidin et al. 2001 (Abidin et al. , 2010 . Land subsidence has four possible causes, namely groundwater extraction, construction loads, natural consolidation of alluvium soil, and geotectonic adjustments (Harsolumakso 2001; Hutasoit 2001; Murdohardono and Sudarsono 1998; Rismianto and Mak 1993) . The first three are believed to be the most dominant (Abidin et al. 2010) . The results of three levelling surveys conducted between 1982 and 1997 , eleven GPS surveys between 1997 , and InSAR technique between 2006 show that land subsidence in Jakarta has large spatial and temporal variations. Observed subsidence rates are generally ca. 1-15 cm/year but can be up to 20-25 cm/year for certain locations and/or time periods (Abidin et al. 2001 (Abidin et al. , 2004 (Abidin et al. , 2008a . The spatial and temporal variations indicate that the sources of land subsidence may also differ spatially. There is a strong indication that land subsidence in the Jakarta area is related to the high volume of groundwater extraction from the middle and lower aquifers, with secondary contributions by building/construction loading and natural consolidation of sedimentary layers. In general, land subsidence in northern Jakarta is more rapid than in the south of the city. Recent estimates of Abidin
<-10 Fig. 1 Geographical location of the study area (shown by black box). The research focuses on northern Jakarta, in northwest Java, Indonesia. A detailed land use map of the study area can be found in Fig. 3 Nat Hazards (2011 Hazards ( ) 56:899-916 901 et al. (2010 suggest an average subsidence rate of 4 cm/year in northern Jakarta, with more rapid subsidence shown in a number of cones of subsidence. In this paper, the study area is confined to the northern Jakarta coastal area ( Fig. 1 ), constituting parts of six districts, namely Penjaringan, Pademangan, Tanjuk Priok, Koja, Kelapa Gading, and Cilincing, which together cover an area of ca. 13,700 ha, with a population of ca. 1.2 million. This part of Jakarta is the most vulnerable to coastal inundation in terms of both sea-level rise and land subsidence. The area already has acute coastal inundation problems, and several temporary adaptation measures are already in place, such as the strengthening and heightening of thin sea walls, the construction of an elevated toll road to the international airport, and improvements to pumping stations and tidal gates (Deltares 2008) .
Methods
The overall approach is based on that used by Nicholls et al. (2008) but uses more localised data sets. We use a GIS-based inundation model to produce inundation maps for given coastal flood events under both current environmental conditions and scenarios of future environmental change. The input required by the inundation model is a digital elevation model (DEM) and the difference in sea level between a given flood scenario and current mean sea level (hereinafter referred to as 'flood water level' and given in metres above current mean sea level (masl)). The output inundation map is overlaid with a map of land use, and each land use assigned an economic value, in order to calculate the maximum damage exposure. The overall modelling chain is shown in Fig. 2 . In the following paragraphs, we first describe the inundation model, followed by its required data, and finally the methods and data used to convert these to damage exposure estimates.
3.1 Inundation model Marfai and King (2008b) developed a flood inundation model for Semarang (Java, Indonesia) using a GIS-based approach and a detailed DEM. They subsequently applied this model to two scenarios of sea-level rise and land subsidence to assess the extent of land that would be exposed to these permanent inundations, as well as the maximum direct economic value of the exposed assets (Marfai and King 2008a) . In this study, we use this The structure of the inundation model is described thoroughly in Marfai and King (2008b) ; here, we provide a summary of the main points. The inundation model operates in the ILWIS GIS environment and produces a map showing which grid cells would be inundated for a given flood water level (inundation map). In the past, the model was used to simulate permanent inundation due to relative sea-level rise, but we here apply it to temporary coastal flood events (for example, temporary inundation caused by a storm surge with a recurrence period of 100 years). A neighbourhood operation is applied in ILWIS to calculate the spreading of flood waters from the coast onto the adjacent land area. Firstly, the flood water level is given as an input parameter. Along the coastal segment being studied, the neighbourhood operation assesses those grid cells along the coastal strip whose elevation is lower than the given flood water level scenario; in the model, these cells are inundated up to the difference in depth between the grid-cell elevation and the flood water level. This process is then repeated iteratively using a pixel-by-pixel analysis on a 3 9 3 cell window around the inundated cells until the full potential inundation area is reached. Hence, the inundated area has a logical extent whereby all flooded cells are connected to each other along a (flow) path, rather than simply assuming that all cells lower than the extreme sea-level height will be inundated (Marfai and King 2008b) . In this study, the model is run at a spatial resolution of 5 m 9 5 m.
The use of GIS for coastal flood simulation is not new (see, for example Shennan (1993) , and references therein). There are many other methods available to simulate costal inundation (depths) (e.g. Bryan et al. 2001; Dawson et al. 2005; Madsen and Jakobsen 2004; Mastin and Olsen 2002; Nicholls 2002 Nicholls , 2004 Nicholls et al. 2008; Purvis et al. 2008; Thumerer et al. 2000) , but in essence, all of these attempt to predict inundation extents and depths based on some combination of process drivers (such as meteorology, tides, and flood defence design periods) ). There are two main approaches: planar models and hydrodynamic models. Planar models, such as the one used in this study, use as input the water level of the tide and distribute this over a DEM by means of some kind of flow-connectivity algorithm. For the planning and implementation of protection measures, predictions are typically obtained from hydrodynamic models; for coastal flows, two-dimensional horizontal solutions of the shallow water equations are state of the art (Madsen and Jakobsen 2004; ). Such models require accurate topographic and bathymetric data at a high resolution and are computationally demanding. Hence, Bates et al. (2005) developed a simplified two-dimensional hydraulic model with much less computational demand, following similar advances in fluvial inundation modelling (Horritt and Bates 2002) . Nevertheless, such models still require a rather large degree of hydraulic expertise, and hence, we consider the more simplified GIS-based planar approach to be appropriate for the kind of rapid assessment and decision support tool to be developed here. Moreover, this method has been tested and validated for the city of Semarang (coastal Java) by Marfai et al. (2008a, b, c) .
Inundation model input data

Digital elevation model
The main input required for the simulation of the inundation extent and depths is a digital elevation model (DEM). The DEM for the current conditions was interpolated using the ILWIS GIS package, based on topographic maps of BAKOSURTANAL (Indonesian Survey and Mapping Coordination Agency) (scale 1:25,000). The original topographic maps show point elevation data in 1998; the point data are distributed irregularly throughout the area, with more points in those areas with relatively greater elevation variability. This point map was interpolated to 5 m 9 5 m using ILWIS GIS software. Given the rapid subsidence in the area, these data are out of date. However, they represent one of the better and most used data sets for planning in Jakarta and are hence used here. To correct for land subsidence since 1998, the DEM was adjusted in GIS according to the subsidence rates over the last decade reported in Abidin et al. (2001 Abidin et al. ( , 2008a . Ideally, the model would make use of up-to-date high-resolution data such as LiDAR or digital air photographs with extensive ground-truthing; however, these were not available. Hence, we carried out ground-truthing for several control points.
For the future scenarios, we developed different DEMs for each scenario of land subsidence. We used the subsidence rates discussed in Abidin et al. (2010) , as presented in Sect. 2 (i.e. 4 cm/yr on average) to project land subsidence to 2100 and hence generated a future scenario DEM, using the algorithm of Marfai and King (2007) :
where DEM t(x) is the DEM at time (t) (i.e. year) x, DEM t(0) is the DEM in the baseline year (t 0 ), and s is the spatially differentiated annual rate of subsidence in centimetres. The use of this method allows for a simple reassessment of the future DEM as updated and improved estimates of (spatial and temporal) subsidence rates become available.
Flood water level scenarios
In the inundation model, the flood water level (masl) is given as input and is used to assess which land cells would be inundated if such a flood event occurs. Estimates of flood water level associated with a return period of 100 years (1:100) and 1,000 years (1:1,000) under current conditions were derived from the DIVA (Dynamic Interactive Vulnerability Assessment) model (Dinas-Coast Consortium 2006). For the 1:100 event, the associated flood water level is estimated at ca. 1.596 masl, and for 1:1,000, at 1.880 masl. Following the method of Nicholls et al. (2008) , we assume that future sea-level rise will cause the flood water level associated with these events to change by the magnitude of the sea-level rise. For example, a rise in mean sea level of 0.5 m would result in an increase of the 1:100 flood water level to 2.096 masl. Furthermore, since recent research suggests that storm activity will increase in the Indonesian region in the future (APN 2008) , but large uncertainty remains as regards the magnitude of that change, we use the storm enhancement factor of 1.1 to simulate the impacts of increased storm intensity on flood water levels in the Jakarta Bay by 2100. The storm enhancement factor is a factor by which the 1:100 and 1:1,000 flood water levels are multiplied in order to account for increased storm intensity. Detailed projections of the impacts of climate change on sea-level rise in the Jakarta Bay in the 21st century are not available. However, the observed change of ca. 0.5 cm per year in recent decades reported by Pribadi (2008) falls within the range of global sealevel rise reported by the IPCC (2007b). Hence, we used two scenarios of sea-level rise by 2100 to give a range of possible futures, using the maximum and minimum likely global average mean sea-level rise estimates for the six families of IPCC scenarios, i.e. 18 and 59 cm (IPCC, 2007b) ; we refer to these scenarios as low and high sea-level rise, respectively.
Damage exposure estimation
Using the DEMs and the flood water levels for the current and future scenarios, the inundation model is used to map the associated inundation extent on an inundation map. Each grid cell in the study area is also assigned a land use, and each land use is assigned an economic value (per hectare). This value represents the estimated market value of the buildings and material assets per hectare for each land use class. By overlaying the inundation maps on the land use maps, we estimated the total inundated area in each land use class and also the total value of exposed assets (damage exposure) per land use class. It should be noted that this represents the maximum potential damage exposure, since the actual damage that would occur as a result of each inundation scenario is also dependent on other factors, such as water depth in the inundated area (e.g. Merz et al. 2007 ), flow velocity (e.g. Kreibich et al. 2009 ), flood mitigation measures (e.g. Nicholls et al. 2008) , and sediment load (e.g. Ward et al. 2009 ).
The land use map of the study area is based on an updated version of detailed topographic maps of the Jakarta local government (Pemerintah Kota Jakarta, Dinas Pertanahan dan Pemetaan) for the year 2004 (based on aerial photography in the year 2003). These maps were updated by means of visual image analysis based on an IKONOS image of the year 2007. The resulting map has a horizontal resolution of 5 m 9 5 m and was reclassed to show seven major land use classes, as shown in Fig. 3 .
Average market values of buildings and tangible assets (per hectare) were estimated for each of the land use classes. Market valuations were assigned based on interviews carried out for this study (for the land use categories uniform and non-uniform settlements) and on existing literature and statistics for the other land use types. In this study, settlements are split into two categories, namely uniform settlements and non-uniform settlements. Uniform settlements refer to households with a medium to high income, and non-uniform settlements refer to households with low income; the value of assets per hectare was found to differ between the two categories. The value of assets for uniform settlements was Marfai and King 2008a) . These valuations present only a first-order approximation of the true market value per hectare of each land use class, and in reality, the market values associated with the different land use types are highly heterogeneous. Hence, the absolute values of our damage exposure estimates should be interpreted with care, and the assessments made here should be considered as indicative. However, the estimates do provide a good impression of the relative change in damage exposure due to environmental changes.
Results and discussion
In this section, we present and discuss the results for two sets of analyses. In Sects. 4.1 and 4.2, we present results pertaining to a scenario analysis, whereby inundation maps and damage exposure estimates were calculated for a number of discrete future scenarios. In Sect. 4.3, we explore a methodology for the rapid assessment of damage exposures under future uncertainty.
Scenario results of flood inundation and damage exposure estimates
The simulations were carried out for six inundation scenarios pertaining to both current conditions (i.e. conditions in 2009) and theoretical future conditions in 2100. The scenarios are described in Table 1 . Under current conditions, the area that would be inundated by a coastal flood with a return period of 100 years is ca. 3,400 ha, with a corresponding damage exposure of ca. €4.0 billion (Fig. 4a and b, respectively) . Both the inundated area and damage exposure increase by a factor of ca. 1.3 under current conditions for a coastal flood with return period of 1,000 years. For both of these scenarios, the total inundated area is made up of approximately one-third business area and one-third residential (combined uniform and non-uniform settlement) (Fig. 4c) ; although given the larger market value associated with business areas, 72% of the total damage exposure is in those areas (Fig. 4d) . Maps showing the spatial extent of inundation under these scenarios can be found in Fig. 5 . These maps show that, logically, the coastal areas of northern Jakarta are the most susceptible to coastal flooding, although a large area of uniform settlement extending southwards from the middle of the area would also be exposed to these flood events under current conditions. For the scenarios in 2100, the inundation maps (Fig. 5) show a huge increase in the inundated area for both the low and high flood water level scenarios, and for flood events with a return period of 100 and 1,000 years, when compared to those under current conditions. In contrast, the maps show minimal difference in the flood extent between the four scenarios for 2100. This is reflected in the results shown in Fig. 4 , where total inundated area in the scenarios for 2100 ranges between 14,900 and 15,100 ha and the corresponding damage exposure ranges between €16.7 and €16.8 billion. The relative share of residential area in the total inundated area increases between the scenarios under current and future conditions from ca. 28 to ca. 36%, with a disproportionate increase in inundation in non-uniform settlement relative to uniform settlement. Across all of the scenarios, the inundated area (and hence damage exposure) of fish ponds remains fairly constant, since this land use is located at low elevations along the coast and is therefore the first to be affected by relatively shallow coastal flood events.
Implications of the scenario results
Under current conditions, the value of assets exposed to extreme coastal inundation is already high. According to the World Development Indicators (WDI) database of the World Bank, the gross domestic product (GDP) of Indonesia in 2008 was ca. €351 billion (in 2008 values) . Hence, the estimated maximum value of exposed assets in Jakarta alone to a 1:100 year costal flood event represents ca. 1.2% of the country's national GDP, whilst the estimated maximum value of exposed assets to a 1:1,000 year event represents 1.5% of total national GDP. It should be noted that damage exposure does not necessarily translate into impact, since the linkage between exposure and residual risks of impact depends upon flood protection measures ). Nevertheless, since Jakarta's coastal protection measures are already prone to failure in the event of high tides (Deltares 2008) , they would offer minimal protection in the case of these extreme events. Hence, these results show that even without environmental and/or socioeconomic changes, the need for improved coastal protection measures is already critical. The scenarios carried out for the year 2100 were intended to provide an assessment of the relative influences of long-term changes in environmental factors (in this case, namely sea-level rise, subsidence, and storm intensity) on inundation and damage exposure in Jakarta. However, we see in all of the scenarios for 2100 that the flood inundation area and, as a result, the damage exposure, is extremely high, with little difference between the scenarios. This shows that on this time scale, the impacts of changes in climate on extreme coastal flood events may be very small when compared to the impacts of land subsidence. The differences in impact (on inundation area and damage exposure) between the low sealevel rise scenarios and the high sea-level rise scenarios are minimal, since it appears that a critical level has already been reached as a result of the projected land subsidence.
The use of this scenario approach highlights several problems. Firstly, whilst, in these scenarios, it appears that the effects of climate change-related changes in sea level may have a relatively minor impact on coastal flood exposure in northern Jakarta, this may not be true for lower levels of subsidence. In fact, the reason that the additional impacts of sealevel rise (on top of land subsidence) on damage exposure are so small is because the severe land subsidence scenario used here already leads to the near total flooding of Jakarta under extreme coastal flood events by 2100, so that the additional impacts of sea-level rise are not seen. The land subsidence scenario used in this study is itself highly uncertain, since it is unlikely that subsidence will continue in a linear fashion as assumed here. Moreover, if measures are taken to strictly regulate groundwater extraction, the subsidence scenario could prove to be too high, in which case the relative impact of other environmental changes would increase. Secondly, this scenario approach does not give information to the decisionmaker that is of use within the decision-making time frame. Many (infrastructural) adaptation plans use a much shorter time frame (e.g. 20-40 years, World Bank 2010), so that the projections to 2100 remain abstract. Thirdly, and related to the second point, all of the projections used here are subject to large uncertainties, particularly in the timing of when they will occur. For example, even if we were to assume that sea level will eventually rise by 59 cm, it is unclear at what point this will be reached. Since the same is true for land subsidence, it is impossible to 'predict' dates at which critical flood water levels will be reached. For adaptation planning, it may therefore be useful to provide simple scenarios of inundation extent and/or damage exposure based on hypothetical future trajectories where the time element has been removed or detemporalised. In the following section, we provide a rapid assessment framework of detemporalised inundation results for northern Jakarta.
Detemporalised inundation scenarios
Given the uncertainties as regards both the magnitude and timing of changes in sea level, land subsidence, and storm intensity, we present a hypothetical detemporalised scenario that could be used to assess adaptation options in terms of their effectiveness against given magnitudes of environmental change, rather than their effectiveness at specific dates. To do this, we ran more simulations with the inundation model based on flood water level scenarios from 0.0 to 6.0 masl, with intervals of 0.5 m. These scenarios refer to the flood water level (relative to mean current sea level) as a combination of all driving factors. For example, the scenario of 1.5 masl refers to a flood water level of 1.5 m above mean current sea level, but is not bound to a given recurrence interval, and can be a result of either actual changes in sea level or changes in the relative sea level due to land subsidence, or a combination of both. The resulting inundation maps for these scenarios are shown in Fig. 6 . The graph in Fig. 7 shows the associated damage exposure associated with these inundation maps and can be used to derive an approximate estimate of the total value of exposed assets, as well as the value of exposed assets in each land use class, for any flood water level scenario between 0.0 and 6.0 masl.
The results show that both the inundation extent and the damage exposure remain low to a flood water level of 1.0 masl. However, for flood water levels between 1.0 and 1.5 masl, we see a very rapid increase in damage exposure for business areas, which is the key component responsible for the increase in exposure from €0.7 to €3.7 billion. Under current conditions, coastal floods related to a flood water level of 1.5 masl are expected to occur slightly more frequently than once per 100 years, and since the subsidence rate is currently continuing at an average of 4 cm/yr, this return period shortens each year. Whilst the method presented here is primarily designed to provide rapid damage assessments for temporary inundation events associated with extreme flood water levels, it can also be used to gain insights into the damage exposure to permanent flooding related to sea-level rise relative to present. In this case, the so-called flood water level refers to the mean sea-level rise compared to present, rather than the water level associated with an extreme event.
Damage exposure then shows a fairly constant increase up to a flood water level of ca. 3.5 masl, with an increase in exposure of ca. €30.6 million per centimetre (due to increases in the area of inundated business and residential areas). Between 3.5 and 4.5 masl, the rate of increase in exposure is less rapid, but we see a second critical point occurring at a flood water level of 4.5 masl. If land subsidence in Jakarta continues in the coming century at the same rate as observed in the last decade, coastal flood events of this magnitude would be In terms of coastal flood adaptation development, such a rapid assessment technique is useful since it allows planners to assess the effectiveness of measures against concrete estimates of the impacts of inundation. Moreover, the method allows us to assess the impacts of combined environmental changes in the face of uncertainty, since the estimates pertain to flood scenarios independent of both time and the individual contributions of different environmental changes. Thereby, the results shown in Fig. 7 facilitate an identification of critical points above which large increases in damage exposure can be expected. Finally, the scenario assessment allows us to examine the impacts of changes in different factors relative to each other in the case of northern Jakarta thus showing the need for both further research and adaptation in the field of land subsidence. Nevertheless, given the fact that damage exposure is already substantial for the current 1:100 year coastal flooding event, the effects of sea-level rise due to climate change should also constitute a major part of any integrated coastal protection plan.
Limitations and future work
The research presented in this paper examines the total value of exposed assets to flood inundation. We stress again that this is not the same as the actual damage that would occur as a result of each inundation scenario, since this is also be dependent on other factors, such as water depth in the inundated area, flow velocity, flood mitigation measures, and sediment load. Several studies identified the inundation depth as the flood characteristic with the largest influence on flood damage (e.g., Penning-Rowsell et al. 1994; Wind et al. 1999) . In future research, we intend to develop stage damage functions (SDFs) to examine the damage that would occur with given inundation depths (as per Bouwer et al. 2009 ), since inundation depths are provided as output of our model. SDFs are based on a maximum damage value per land use type, as is the case here, but they also estimate the proportion of the maximum damage that would actually be incurred for a given inundation depth (Merz et al. 2007 ). To date, no such relationships have been derived for Indonesia. The selection of SDF has a huge impact on the estimated damage. For example, De Moel and Aerts (2009) showed that for a dike-ring area in the Netherlands, the estimated damage varies by up to a factor of four when using three different SDFs, namely those of ICBR (2001); Vanneuville et al. (2006) , and Klijn et al. (2007) ; this is especially the case in urban areas. Exposed assets ( x million) Fig. 7 Curves showing the total value of exposed assets and the value of exposed assets per land use class, for flood water levels between 0.0 and 6.0 masl (above mean current sea level). Note that the land use classes 'open areas' and 'fish ponds' are not shown, since these values were negligible Nat Hazards (2011) 56:899-916 911 Hence, it is important to use SDFs tailored to the local situation, rather than simply adopting SDFs from other regions. In following research, we will estimate the function of these curves based on a combination of empirical data relating observed flood damage to observed historical events (as is the case for the HOWAS database, see Merz et al. 2004) and via expert judgement (see, for example, Penning-Rowsell et al. 2003) .
The absolute values of the damage exposure estimates should be interpreted with care, since in reality, the market values associated with the different land use types are highly heterogeneous and the assessments made here should be considered as indicative. However, the estimates do provide a good impression of the relative change in damage exposure due to environmental changes.
Environmental changes are by no means the only factors responsible for changes in future damage exposure. Internationally, socioeconomic developments in the future will lead to increases in the economic value of developments in flood-prone areas, and population density will increase leading to larger exposed populations (Bouwer et al. 2007 ). Recent research suggests that socioeconomic changes (including population, economic growth, and land use) may have a similar or greater impact on economic damage and populations at risk than do changes in environmental factors (e.g. World Bank 2010); this may be particularly the case in rapidly developing areas such as Jakarta. Hence, in the following steps, scenarios of socioeconomic change will be developed with key stakeholders in order to assess the impacts of those changes relative to the impacts of environmental factors.
Flood risk management requires accurate and up-to-date data on elevation of land at risk. The DEM used here was generated from a rather old topographic map, and as such, extra uncertainties are introduced. The acquisition of LiDAR data and a regular field campaign of digital air photography and ground-truthing would be beneficial to city planners in this regard. Due to other data constraints, the current research has focused on northern Jakarta, since this is the part of the city with the highest vulnerability to coastal flooding and with the most critical problems. However, the results presented here show that flood water levels above ca. 4.5 masl will also affect large parts of the city to the south of this area. Hence, future research will also include the entire region of DKI Jakarta. Given further efforts in data collection, the tool could also be implemented more generically to assess flood exposures in coastal Indonesia more widely.
Conclusions
We have developed a GIS-based decision support tool originally designed for mapping permanent coastal inundation, for use in inundation mapping and damage exposure estimation for extreme coastal flood events in cities, and applied the tool to the case study of Jakarta. Multilateral agreements between Indonesian and foreign government agencies are already in place to take swift action to prepare decisions on how the future coastal defence of Jakarta should be improved; rapid tools for the spatial assessment of the sensitivity of flood hazard and damage exposure can play a key role in such processes.
We estimated the potential flood extent and damage exposure to a 1:100 year and 1:1,000 year extreme coastal flood event under current conditions and scenarios for 2100 assuming land subsidence, increased storm intensity, and low and high sea-level rise scenarios. Under current conditions, the damage exposure estimates to these extreme flood events are already high, at ca. €4.0 billion (for 1:100 year events) and €5.2 billion (for 1:1,000 year events), corresponding to ca. 1.2 and 1.5%, respectively, of Indonesia's GDP in 2008. Under the scenarios for 2100, the damage exposure estimate increases to almost €17 billion, with hardly any difference between the 1:100 and 1:1,000 year events or the low or high sea-level rise scenarios. This is because the scenario of land subsidence is so severe that most of the vulnerable areas in northern Jakarta are already flooded at this depth. The use of this scenario approach reveals a number of clear drawbacks: (a) we use only a very limited number of scenarios for the period to 2100, including one scenario of land subsidence. However, there is great uncertainty in these scenarios, especially regarding the timing of environmental changes; (b) using a time horizon to 2100, land subsidence is so dominant that the possible impacts of other environmental factors are masked, even though they may be important for lower subsidence rates; and (c) the scenarios of 2100 do not provide information to decision-makers that are of use within the decision-making time frame.
Hence, we developed a method for the rapid assessment of damage exposure under these uncertainties, by detemporalising the future scenarios. Instead of providing estimates for a given date in time, we show simple curves where inundation exposure is related to a given flood water level compared to mean current sea level. This is not bound to a given date, nor to a specific causal mechanism, but can result as a combination of any of the environmental factors studied. The method allows for the identification of critical points above which large increases in damage exposure can be expected and also allows for the assessment of adaptation options against hypothetical user-defined levels of change, rather than being bound to a discrete set of a priori scenarios.
The study highlights the need for urgent attention to the land subsidence problem, since a continuation of the current rate into the future would result in a catastrophic increase in damage exposure. We are careful to highlight that much more research is still required, especially to assess the impacts of future changes in socioeconomic parameters (especially land use, economic value, and population) on damage exposure.
